An automated method for segmenting digital images of orographic cumulus and a simple metric for characterizing the transition from shallow to deep convection are presented. 
Introduction
The transition from shallow to deep convection, and in particular the effect of entrainment on the consumption of convective available potential energy (CAPE) is still an important unresolved problem in the atmospheric sciences. In many cases, there is sufficient CAPE present to support deep convection, yet the convection develops slowly and in stages. One particular example of this process occurs with orographic convection in the Southwest United States associated with the North American Monsoon (NAM) (Adams and Comrie, 1997) . This fact has also been acknowledged in observational field studies over the Magdelena Mountains in central New Mexico (e.g. Raymond and Wilkening, 1982) .
In southern Arizona, one favored location for the initial development of NAM convection is the Santa Catalina Mountains, north of Tucson. This range has a maximum elevation of about 2800 m (9000 feet) with a characteristic horizontal scale of about 20 km (see Figure 1 ). Due to the relatively small horizontal extent and large difference in elevation between the mountain and surrounding area, mountain features of this type are colloquially referred to as "sky islands" in southern and central Arizona.
The typical scenario involves convection beginning in clear air in the early to midmorning. Sunlight striking the sides of the mountain more directly than the valley provides a local maximum in solar insolation and hence surface sensible heating.
Evaporation from the previous day's rain and evapotranspiration from the plants (primarily above the 5000 foot level) contribute to the flux of latent heat that also destabilizes the boundary layer over the mountains. The convection typically begins at around 9:00am MST over the Santa Catalinas. In spite of there usually being sufficient CAPE to support deep convection, the convection develops gradually and in stages. In general, the transition from the initial stages of convection to the appearance of a thunderstorm over the Santa Catalinas is about 3 hours. In many cases, the orographic thunderstorm either dissipates or is advected from the top of the mountain and a second episode of convection begins, with a transition from shallow to deep convection occurring on a similar time scale.
One possible explanation for the observed behavior of orographic cumulus development is that the shallow convection conditions the atmosphere for further deep convection by moistening the middle troposphere. When the initial convective turrets develop they tend to dissipate due to the entrainment of dry air. New turrets rise through the remnants of the old ones, and the entrainment of the moistened air does not erode the turrets to as large a degree, allowing them to grow taller. This process continues, with the eventual development of towering cumulus or cumulonimbus over the mountains. For example, Blyth and Latham (1993) show that the cumulus congestus which forms over the New Mexico mountains undergoes cycles of growth and decay with new convective turrets ascending through the remnants of the old ones. The entrainment and moistening process may be relatively more important in the desert southwest due to the generally cooler and drier air aloft. The transition from shallow to deep convection is not confined to the sky islands, and has been described for mid-latitude maritime cumulus and tropical trade wind cumulus by Malkus and Scorer (1955) .
The details of cumulus mixing and entrainment have been investigated since 1947. Stommel (1947) provided the first evidence of cloud entrainment by showing that the vertical temperature profile inside a cloud is closer to the environment than to a moist adiabat. Early conceptual models of cumulus entrainment relied on simple analytic treatments that were motivated by or verified by laboratory tank experiments. An historical review of conceptual models and details of observational studies of entrainment are given in review articles by Reuter (1986) and Blyth (1993) .
The details of cumulus entrainment and mixing are beyond the scope of the present study, and we will focus on the apparent effect of moist air being deposited into the midtroposphere on the development rate of deep convection. The importance of conditioning the air above the boundary layer on convective development has been illustrated using data collected over Florida during the CaPE (Convection and Precipitation/Electrification) experiment. Weckwerth et al. (1996) showed that shear parallel convective rolls in the boundary layer act to modify the vertical profiles of temperature and moisture in the environment. Observed cloud bases (i.e. the Lifting Condensation Level or LCL) corresponded to moisture values measured by aircraft in convective roll updraft regions. Weckwerth (2000) showed that operational soundings did not differentiate between storm and no-storm days, but when the soundings were adjusted using aircraft data, profiles modified by adjusting moisture to values observed in the roll updrafts were useful predictors of thunderstorm initiation.
Previous studies of orographic cumulus development have involved a combination of aircraft and sounding data (Paluch, I.R., 1979 ; Raymond and Wilkening, 1982 ; Raymond and Wilkening, 1985) and in some cases photogrammetric techniques. Aircraft observations are expensive and difficult and hence one is limited to relatively few cases.
While valuable information may be obtained, it is difficult to generalize results based on a few cases. Likewise, most prior studies using photogrammetric techniques have used a case study approach, with photos being superposed with radar data (Wakimoto, and Bringi, 1988 ; Wakimoto and Martner, 1992) . In some cases, time lapse movies were used to aid in interpretation of aircraft data (Raymond and Wilkening, 1982) . Some early studies on the evolution of convective cells have utilized labor intensive manual analysis techniques to characterize the cloud behavior (Malkus, 1952) . Various aspects of obtaining information on thunderstorms from cloud photogrammetric techniques are discussed by Holle (1982) .
The ability to process cloud images automatically would allow large numbers of cases to be examined and the evolution of convection as a function of environmental conditions to be generalized. There are commercial cloud cover detection systems available (e.g. Long et al., 2001 ), but these are generally based on wide-angle lenses and calculate simple fractions of total sky coverage. Another application of cloud mapping and photogrammetric techniques is described by Selz et al. (2002) , who used stereo pairs of vertically pointing cameras to identify cloud elements in successive frames and calculate horizontal, upper level winds for assimilation into numerical weather prediction and climate models. These applications differ in motivation from ours in that we hope to gain information on the temporal evolution of the cloud masses rather than the position.
In this paper we will describe a method for automatic image processing of cloud images taken over the Santa Catalina Mountains that will allow us to characterize the transition from shallow to deep convection. This method will involve automatic edge detection, hereafter referred to as segmentation, and the definition of a simple metric for characterizing the convective activity. We will use the total area of each picture frame that is occupied by cloud as a measure of the convective activity. The days for this pilot study are chosen for ease of analysis in that the convection is localized over the top of the mountain as it develops. In these cases, the area of the frame occupied will be proportional to the cloud volume. Time series of the total area of the frame occupied by cloud will be compared with other ancillary data to infer criteria for the initiation of the convection as well as the transition from shallow to deep convection and the subsequent growth rate of the deep convection based on the thermodynamic and kinematic structure of the environment. The results in this paper are preliminary, due in part to lack of ancillary data. However, they serve to describe a general technique for image processing that will need to be refined as well as the need for additional observations to further quantify the transition from shallow to deep convection.
The structure of the paper is as follows. Section 2 describes the cloud photogrammetric techniques as well as the other sources of data. Section 3 discusses the synoptic conditions and the choice of cases for this preliminary study. Section 4 provides results of cloud image analysis and an interpretation of the time evolution of the convective metric in terms of the thermodynamic and kinematic structure of the environment. The fifth and final section summarizes the results and provides a discussion of refinements to the technique.
Data sources a. Cloud photography and automatic image processing
During the summer of 2003 a single digital camera was operated from the Biosphere 2 in Oracle, Arizona. The camera was located about 15 km from the top of the Santa Catalina
Mountains (see Fig. 1 ). The highest mountain peak in the range is called Mount Lemmon, and is the initial location for the summer monsoon convection. The fact that the convection is typically localized over the top of the mountain for at least several hours in the morning and develops in one specific location makes this area ideal for the study of the transition from shallow to deep convection. The Biosphere 2 site was chosen for proximity to Santa Catalina Mountains, the availability of power and high bandwidth network connections and the willingness of the Biosphere 2 management to provide access to the site.
A single camera was operated during summer 2003 and we used these images to develop the segmentation techniques. The camera used was an IQinVision IQeye3
(http://www.iqeye.com/) with a 1288x968 pixel CMOS digital imager. Unfortunately, the single camera doesn't allow any information on the range of the convection to be determined. Also, the camera used a variable focal length lens and the angle of orientation of the camera wasn't recorded, so cloud heights or widths can't be determined quantitatively (Holle, 1986) . Further, the images were reduced to 400x300 pixels.
However, the images were of sufficient clarity and resolution to allow us to develop the automatic segmentation technique. The decision to use cloud images from 2003 was made due to the availability of sensible and latent heat flux data and other meteorological parameters for that period at the time the image analysis was started.
During summer 2004 (and as a result of having obtained funding from the National Science Foundation), three identical IQeye3 cameras were operated at the Biosphere 2 site. The cameras all used Cosmicar/Pentax 6.5mm F1/8 lenses and the position, azimuth and elevation angles of each of them were recorded. The separation of the cameras was sufficient to perform stereoscopic analysis (Warner, 1984) . Refinements to the segmentation technique and a more physically based convective metric will be the subject of future work.
Another highly desirable feature of the IQeye3 camera is that it may be operated remotely. The camera contains a limited amount of internal memory but includes a built in web server and runs a simplified version of Unix as the operating system. The camera was programmed to begin a file transfer protocol (ftp) transfer of images at ten second intervals beginning at 9:00am MST from the Biosphere 2 site to a workstation on the Arizona State University campus, which is a distance of about 100 miles. The image transfer would automatically be terminated at 7:00pm each day.
Since the convection begins over the top of the mountain each day and we are interested in the transition from shallow to deep convection, the camera was housed in a standard web camera enclosure mounted on a fixed tripod. There was no provision for remote control of the camera. The result was a reliable stand-alone imaging system that operated automatically and could be accessed remotely, when necessary, via telnet. An example of the camera, tripod mount and a sample image taken in summer of 2004 is given in Figure   2 .
Since we are interested in characterizing the transition from shallow to deep convection and since we were limited to a single camera in summer of 2003, we have defined a simple metric for quantifying the cloud amount present as a function of time. We chose our initial cases to be marginal monsoon days, that is, days in which the convection was relatively slow to develop and clearly localized over the top of the mountain. Further, we make the assumption that the convective cell is roughly cylindrical, in which case the cross sectional area of the frame occupied by cloud is proportional to the cloud volume.
Hence, the total number of pixels in the frame as a function of time will be used to characterize the convective development. Since we will be processing an image for each ten seconds, one day of convective development will include up to 3600 images. An example of the segmentation algorithm is given in Figure 3 , and a description given below. Note here that the field of view is reduced from that shown in Figure 
This yields a luminosity similar to that in black-and-white television and an example is shown in Fig. 3a . A second step involves noise reduction, which is done by applying a 5x5 Gaussian filter to the image. The gray scaled and "cleaned" image is then segmented by applying the Canny algorithm (Canny, 1986) . This algorithm involves calculating the gradient of the image with gradient strength exceeding a threshold value determining the edge location. The direction of the gradient determines a perpendicular to the edge and
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The 2003 images were collected prior to receiving funding from the National Science Foundation for this project, hence the single camera and reduced image size.
hence the orientation of the edge in the frame. An example of the edge extraction is given in Fig. 3b . For the present application we plan to apply a flood-fill technique to the cloud image and this is only possible if the cloud image is surrounded by a closed curve. A careful inspection of Fig. 3b shows gaps in the cloud edge and these must be filled systematically and automatically.
The third step in the process is the application of a morphological operator that consists of a sequential dilation (expansion) and then erosion (contraction) of the edges with the external outline of the cloud mass being preserved. This will fill gaps in the cloud edge.
The result of this operation is shown in Fig. 3c . We have lost some detail on both the edge and internal structure of the cloud, but a closed curve defining the cloud mass has been obtained. Some additional clean-up of the image is performed, with cloud elements smaller than 20 percent of the largest one and those that intersect the edges of the frame being eliminated. Then, the closed contour outlining the cloud is filled in white. An example of the final cloud mass associated with the actual cloud is given in Fig. 3d .
Admittedly, this is a simple scheme and care must be taken in assuring that only convective clouds are present in the frame. High cloud would be outlined and counted in this simple scheme. This is further rationale for the careful choice of cases in this pilot study.
In a limited number of cases the algorithm fails, usually due to the morphological operator not correctly generating a closed curve. These cases are obvious in that they result in a totally white frame and are eliminated from the data. There is a consistency check between the cloud masses in successive images as well. Once the frame becomes totally filled with cloud, or if high cloud from another convective system that is outside the frame contaminates the image, the analysis is terminated. This process results in the variable lengths of the time series shown in Section 3. after which time they were retired as a result of the Aspen forest fire. A more detail description of the ec tower is given in Brown et al. (2005) Meteorological data from the tower are provided at 5 minute intervals. The surface latent and sensible heat flux is calculated using a block averaging period of 30 minutes. This is the minimum block averaged period considered appropriate for convergence of the mean and over which the range of eddy size may be sampled. Since this is comparable to the cumulus time scale, there are some details of the relationship between surface forcing and the convective development that will be lost. However, we will have at least a rough measure of the surface forcing.
Flux data were only available for the first part of the summer of 2003 due to equipment failures resulting from the high frequency of lightning strikes occurring in the Santa Catalinas. However, as we will show, the standard meteorological data provides a better indicator of the onset of convection than the details of the surface latent and sensible heat flux.
c. Sounding data
Upper air data are available from the operational radiosonde observations (RAOBs) taken by the National Weather Service at the Tucson International Airport (indicated by TIA in Figure 1 ). The RAOBs are taken at the standard 00 and 12 UTC (Universal Time). The 12 UTC sounding typically has the nocturnal surface inversion present, and the 00 UTC sounding can be contaminated by deep convection. Furthermore, the TIA site is about 50 km from the top of the Santa Catalinas. However, these data will give us a general idea of the environment in which the convection is developing.
Synoptic setting and choice of cases
Two three-day periods, July 23-25 and August 7-9 2003 were chosen for analysis. These days were chosen based on ease of the segmentation, with the criteria being discussed above. On each of these days the convection began in otherwise clear skies so there was no ambiguity between high cloud and convection. Likewise on each of these days isolated cumulus developed slowly and in stages over the mountain, so detailed time series of the convective development of varying lengths were obtained.
The large-scale synoptic conditions associated with these periods are illustrated in Figure   4 , which shows the 500 mb heights superimposed on the GOES-10 water vapor images at 18 UTC (11am MST) on each of the days. The 500 mb heights are taken from the NCEP ETA 211 12 UTC forecast grids, so they should be representative of observations and not too heavily influenced by the model physics at 6 hours into the forecast. The 8km resolution GOES-10 water vapor imagery was obtained through the Unidata Internet Data Distribution project (www.unidata.ucar.edu). The 18 UTC time period is chosen since it is representative of conditions under which the convection is developing and is prior to the onset of deep convection, which would obscure the moisture distribution in the GOES-10 imagery.
The synoptic conditions on each of the days are typical of the North American Monsoon.
During July 23-25 there is evidence of a ridge centered over the western US, with some variability in the position and height fields over Arizona. There is relatively little variation in the height field or 1000-500 mb thickness (not shown) during the period. The
The 500 mb heights from the 12 UTC sounding are 5940, 5930 and 5920 m for July 23, 24 and 25 respectively. One obvious feature is a mid-level dry slot that is located over the Big Bend region of Texas on July 23 and that is advected over Arizona on subsequent days. The advection is due to the weak closed high that develops over Colorado and Kansas during the period.
Conditions similar to the July period are present for August 7-9, but with a few subtle differences. The ridge is located somewhat further east during this period, being centered over Colorado and New Mexico on August 7. There is also an upper level low that is present off the coast of the Pacific northwest that approaches the region. This results in a somewhat larger gradient of 500 mb heights over northwest Arizona than for the July case. However, the upper level low has a minimal effect on the height field over the region of interest, with the 500 mb heights being 5940, 5930 and 5940 m on August 7, 8 and 9 respectively. Here, as for the July period there is a mid-level dry slot that moves over the region from the southeast during the period. In general, the differences between the days, particularly in terms of the 500 mb heights are minimal.
At this point we will discuss some aspects of the analysis we will use. An efficient and compact way of expressing the buoyancy of lifted parcels is through the equivalent potential temperature, θ e , where
with L v being the latent heat of vaporization, q s the saturation mixing ratio of the parcel, c p the specific heat of dry air at constant pressure and T representing the temperature of the air when the parcel first becomes saturated. Also,
is the potential temperature with T being the parcel temperature, p 0 = 1000 mb a reference pressure, p the pressure and R the ideal gas constant for dry air (e.g. Holton, 2004) . The advantage of formulating the thermodynamics in terms of θ e is that it is conserved for moist or dry adiabatic processes as long as there is no latent or sensible heat added.
Hence surface fluxes will act as a source, but θ e will be constant for lifted parcels once they are no longer in contact with the surface.
Since θ e depends on both the moisture and temperature and parcel buoyancy is ultimately related to the difference in temperature between the parcel and environment, the buoyancy is determined by a comparison of the parcel with the saturated equivalent potential temperature θ e *, which is defined as in Eq. (2) using the actual temperature of the air rather than the temperature at which the parcel first becomes saturated. That is, the reference profile on which the buoyancy is based corresponds to a hypothetically saturated atmosphere (Holton, 2004) . It is also important to note that a vertical profile of θ e * reflects the temperature profile while θ e depends on both the temperature and moisture distribution. Due to the simplicity of this formulation, it reflects a unified approach to parcel thermodynamics (Raymond, 1995) .
An example of the diurnal variation of the vertical profile is given in Figure 5 , which corresponds to conditions on July 23, 2003. Plots of θ, θ e and θ e * at 12 UTC and 00 UTC (on July 24) are shown. Note that the labels are in MST, and this will facilitate comparison with the figures in the following section. Figure 5a shows that there is relatively little variation in the profiles over the course of a day, and most of the variability is confined to below the 700 mb level. There is a surface inversion present in the morning sounding, as indicated by the increasing θ for the morning sounding and more clearly reflected in the vertical profile of θ e *. By the afternoon the vertical profile of θ is well mixed below about 700 mb, and this well mixed layer defines the extent of the boundary layer. There is a low-level increase in θ e during the day, which at this time of year is due, in general, to both surface sensible heating and latent heating associated with precipitation of the previous day's rainfall.
There is a similar trend present in the wind profiles (Figs 5a,b) with a pronounced diurnal variability below about 700 mb and relatively little aloft. The low-level wind direction shifts from southeasterly in the morning to northwesterly at night, and this is due to a diurnal cycle of up and down slope flow associated with the high terrain in southeastern
Arizona. The diurnal variation in vertical wind profiles is similar to the thermodynamic profiles, with essentially all of the diurnal variability confined below the 700 mb level.
Based on the representative vertical profile shown in Figure 5 and the fact that we are interested in conditions between the top of the mountain, where convective parcels are assumed to originate, as well as the atmosphere above that level, we will use the 00 UTC (1700 MST) sounding to assess the stability of the profile and establish a threshold for convective development. We will assume that the value of θ e at any instant at the top of the mountain is due to the influence of local latent and sensible heat flux and to advection of boundary layer air by the upslope flow over the Santa Catalinas. We also assume that the conditions aloft (i.e. above the 700 mb level), both over the valley and the mountain are more or less the same both horizontally and throughout the day. Note that the pressure at the top of the mountain is about 750 mb, which is near the level where the diurnal variation in the profile is minimal.
In the following section we will consider the evolution of various meteorological parameters measured at the tower. In the case studies in Sec. 4 we will focus on the period corresponding to the peak in convective activity, which is 0800 to 1800 MST.
However, in order to illustrate some purposes of the diurnal cycle we will first present a 24 hour sequence of some of the relevant quantities for a single day in Figure 6 . Figure 6a shows the net radiation measured at the top of the tree canopy, along with the latent and MST, or associated with precipitation over the top of the mountain as occurs at 1800
MST. The relatively small variation in temperature supports our assumption that surface effects will be confined to the top of the mountain and that we can use the TIA sounding to assess the stability of the profile. There is a larger variation in θ e , with drops of 8-10 o K that are likely associated with convective downdrafts. The drop that occurs at 1800
MST coinciding with the precipitation is especially pronounced and of long duration. The general time dependence on the other days is similar, with a modest diurnal temperature variation and larger variability of θ e .
Another quantity that will be used in the analysis is the CAPE, which is defined as the integrated positive buoyancy between the level of free convection Z LFC and the level of neutral buoyancy at the top of the tropopause Z LNB . That is,
where g is the acceleration due to gravity and θ e parcel is determined from the tower observations at the time that the convection is observed to begin in the cloud images. The CAPE as defined in Eq. (4) corresponds to a non-entraining parcel, and hence represents an upper bound.
Orographic cumulus development
In this section we present time series of the convection along with the vertical thermodynamic profiles and time evolution of meteorological quantities taken from the tower at the top of the mountain.
a. July 23-25 2003
An examination of the time series of convective development for the three day period shown in Fig. 7 reveals a fair amount of variability, despite there being little obvious difference in the large-scale synoptic conditions between the days. Granted, the units on the convective metric are somewhat arbitrary, but an examination of the series suggests an ad hoc definition of shallow convection of less than about 0.2x10 5 pixels. This ad hoc definition is based on the transitions to an obvious rapid growth phase that occurs on most days. On July 23, the shallow convection begins at 0900 MST and begins to build immediately. The convection dissipates somewhat at around 1000 and then begins a slow and variable growth until about 1400 at which time the frame became saturated. The segmentation was terminated shortly after that point.
In contrast on July 24 the convection begins at about 1030 and the initial development is much slower. There is evidence of shallow cloud for nearly an hour at which time the convection begins to build rapidly. The frame becomes saturated a little before 1400, which is about two hours after the convection begins to build. This is compared with the 4 hours that elapse between the initiation and frame saturation for July 23. Also, an examination of animated cloud images shows evidence of a cap cloud for the first hour of this event which suggests orographic uplifting associated with some larger scale flow that isn't present the preceding day. This is important in our interpretation of the sounding data that is discussed later.
The convective development on July 25 is again different from the first two days. The convection begins at 1000, later than the first day but slightly earlier than the second.
There is evidence of a shallow convective phase that lasts about an hour. The shallow convection develops more rapidly than on July 24 but slower than July 23. After about an hour, beginning at 1100, there a rapid development with deep convection present after an hour. The development here is more rapid than on either of the two preceding days.
Examples of cloud structure corresponding to the shallow convective phases on the three days will be presented later. However, first we will discuss the thermodynamic and kinematic aspects of the environment in which the convection is developing. In particular on July 25, which has the most rapid development rate once the convection is established. This suggests that the surface forcing alone does not control either the onset or evolution of convection.
There is more consistency in the onset of convection between the days in terms of θ e , as is seen in Figs. 7b,d ,f. There is a difference of about 10 o K in θ e between the days at the beginning of the time series, and this is due in general to the history of convection on the preceding days. For example, on July 24 there is a precipitation event that occurs over the mountain at around 1800 (see Fig. 6 ) and this coincides with a rapid drop in θ e and low values the following morning. However, in each of the cases the convection begins when Table 1 . The thickness of the negatively buoyant region between the cloud base and the LFC is 19.7 mb on July 23 and 13.7 mb on July 25, with a value that is about twice as large (39.7 mb) on July 24. A parcel's ability to overcome the negative buoyancy or convective inhibition (CIN) depends on the momentum that is imparted to the parcel at low levels, and this value seems to be consistent between the first and third days. On July 24 the negatively buoyant region is nearly twice as thick, but recall that there is evidence of orographic uplifting associated with some larger scale flow on that day. This could impart larger momentum and allow the parcels to overcome more CIN.
One aspect of the convective development is related to the wind profiles shown in Figure   8 . On July 23 the convection develops earlier than on the subsequent days, but the development is slow and variable, compared to the faster development on July 24 and 25.
On each of the days the winds are predominantly southeasterly above the 700 mb level, Fig. 7 . Also, the CAPE is the same on July 23 and 25 while the convective development is different, further suggesting that the kinematics rather than the thermodynamics of the profile is regulating the convective development once the thermodynamic threshold for convection had been exceeded.
The development on July 24 shows evidence of minimal shallow cloud for about an hour, followed by a development phase (Figs 9d,e,f). At about 1130 there is a transition to development of deep convection that is interrupted between 1230 and 1300, and followed by a further development of deep convection. The development rate between 1300 on July 24 and the frame becoming saturated is comparable to that occurring after 1100 on July 25, in spite of the smaller CAPE shown in Table 1 .
b. August 7-9 2003
A second three-day sequence of cloud time series, along with the thermodynamic data and surface forcing is shown in Figure 10 . There was a failure of the sonic anemometer on the tower and hence the sensible and latent heat fluxes were not available. We do not consider that to be a serious issue since there didn't seem to be any clear relation between the values of the surface fluxes and the onset or subsequent development of the convection for the July 23-25 cases.
The time series of cloud amount indicate that there is again both a variation in the time of onset of convection as well as the subsequent development. The convection starts at roughly about 11am each day (which is later than is typical for southern Arizona) and on each day a rapid development phase follows a shallow convection phase of varying duration. On August 7 there is a period of about 30 minutes of nearly constant cloud amount, followed by a more or less continuous rapid growth phase beginning at about 1130. On August 8 there is a shallow convection phase that starts a little before 1100 and followed by a rapid growth phase that begins a little after 1200. On August 9, the initial growth seems to occur in two distinct stages, one a little after 1200 and a second at around 1300, with the rapid development phase occurring thereafter. In each of the cases the growth rate of the convection, as indicated by the slope of the cloud time series, is comparable.
A comparison of the convective time series with the net radiation again shows no obvious relation between the net radiation and the onset of convection. The series on August 9
( Fig. 10e ) is particularly interesting due to the close correlation between cloud activity and the radiation, with a second episode of convection beginning shortly before 1700.
However, the second time there is a transition from shallow to deep convection, the net radiation is around 200 W m -2 , which is much lower than when the first convective episode begins.
The time series of θ e show a smaller range of initial values (about 5 o K) than in the previous case. There is an increase in θ e that occurs and the threshold value for each of the days is indicated in Figs. 10b,d ,f. and tabulated in Table 1 . Table 1 also indicates a higher variability in the threshold of θ e at the time the convection begins than in the other cases, with values having a range of 4 o K here as opposed to less than a degree for the July 23-25 sequence. The location of the LFC, as shown on the soundings in Figure 11 and given in Table 1 , indicate a consistency in the thickness of the negatively buoyant layer. The thickness of the pressure level between the LCF and LFC ranges between 14.6 and 22.0 mb for the three day period. In fact, with the exception of July 24, there is a mean thickness of the negatively buoyant layer of ! 17.6 ± 5 mb. This is consistent with the notion that a threshold value of θ e , that places the LCL within about 20 mb of the LFC is necessary to initiate convection. Also note that on August 9 the cloud imagery allowed a second convective event to be characterized. Figs. 10e,f indicate a decrease in θ e associated with the development of deep convection and the second convective event, which begins at about 1700, is associated with a gradual increase in θ e up to the threshold value, which is 352.7 o K for that day.
There is also a larger range of CAPE values here than for the July period and yet the convective growth rate seems consistent between the days. The lowest CAPE for this sequence occurs on August 7, and this is associated with a θ e * profile that indicates a warmer atmosphere above 600 mb as compared to the August 8 or August 9. The middle and upper troposphere is also moister on the August 7 as is evident from the larger values of θ e above the 600 mb level on that day, and from a comparison of the GOES-10 water vapor images. The deep convective growth rate for August 7 is comparable with the other days, but the duration of the shallow convection phase is shorter. This is consistent with the idea that parcels ascending into air that is initially moister experience less evaporation from entrainment and that a moist atmosphere requires less conditioning by the shallow convection prior to the onset of the deep convection.
Summary and Conclusions
In this paper we describe a technique for automatically segmenting digital images of orographic cumulus to examine the transition from shallow to deep convection. We define a simple metric to characterize the convective activity that is compared with ancillary data to identify possible mechanisms that would control both the onset and the subsequent transition from shallow to deep convection. Time series of the total area of the frame occupied by convective cloud were determined for two three-day periods chosen because they had isolated convection located over the top of the mountain. A comparison of these time series with meteorological data and surface latent and sensible heat fluxes taken from the peak over which the convection forms, along with upper air data taken from a nearby sounding, provides a hypothesis for the onset of the orographic convection and an indication of some factors governing the subsequent development.
Based on this preliminary analysis, we propose the following mechanism. On many days, the convection over the top of the mountain begins when the combination of upslope flow along with sensible and latent heat fluxes occurring locally at the mountain top, increases the equivalent potential temperature, θ e , above a specified threshold value. The threshold value of θ e is determined by the temperature structure of the lower troposphere, and in particular the value of the saturated equivalent potential temperature, θ e *, just above the cloud base. The shallow convection typically begins to build when θ e at the mountain top intersects the profile θ e * at about 20 mb above the cloud base as defined by the LCL derived from mountain top values of temperature and humidity. The fairly consistent thickness of the negatively buoyant slab between the cloud base and LFC suggests a finite yet consistent amount of momentum being imparted to the rising parcels that can overcome the CIN. This momentum is likely associated with upslope flow due to surface heating associated with this 20 mb thick layer. This relation between the surface value of θ e , and the value of θ e *, above the cloud base occurs on 5 of the 6 days examined. On some days, there may be larger scale flow with an accompanying orographic lifting that occurs and the lifted parcels may be able to overcome more CIN. This seems to be the case on July 24 of this study, where there is evidence of a cap cloud that suggests orographic uplifting due to a regional scale flow impinging on the mountain. The time of day at which the threshold value is reached depends in part on details of the sensible and latent heat fluxes, and also on the starting values of θ e , which depends in part on prior convective activity.
Once the convection begins, there are variations in the duration of the shallow convection phase and the rate of development once the transition to deep convection occurs. On July 23 there is evidence of shear aloft and this slows the development rate as air that is moistened by shallow convection is advected downstream. Likewise, on August 7 th there is warm, moist air aloft which results in smaller values of CAPE than on the following days, but the moist air aloft appears not to need as much additional moistening by the shallow convection and the transition occurs more quickly than on days with larger CAPE.
The mechanism for the onset of convection described here is essentially the same as that described by Raymond (1995) for regulation of moist convection over the tropical oceans. His mechanism is based on a quasi-equilibrium of the boundary layer θ e , which states that there is a balance between surface fluxes and convective downdrafts that keeps θ e constant. Deep convection occurs when a convective deficit, defined as the difference between θ e * averaged through a layer above the cloud base and θ e averaged between the ocean surface and 975 mb approaches zero. Over the oceans, θ e varies little over a diurnal cycle, and the day-to-day variation in deep convection is controlled by the character of the air above the boundary layer. Here, a similar control exists, but the convection also exhibits a distinct diurnal cycle which is linked to the surface sensible and latent heating and the prior history of the boundary layer θ e .
The purpose of this paper was to describe an automated method for extracting information from digital cloud images that can produce coherent time series that compare well with other independently derived data sources. Granted, we are speculating on many aspects of the convective development, but this preliminary study does demonstrate the value of the segmentation technique and also identifies further work and the need for additional ancillary data.
Our photogrammetric analysis differs from past studies that used images in a case study mode, with a single photo superposed on other data, usually radar reflectivity or Doppler derived winds (e.g. Wakimoto and Bringi, 1988 ; Wakimoto and Martner, 1992) . It is similar in principle to that of Selz et al. (2002) , where individual elements are tracked in time. However, our goal was to look at the evolution of convective cells rather than the passive advection of upper level clouds. We also performed our pilot study with imagery from a single camera with a relatively small field of view. These were the only images available concurrently with data from the tower.
We plan to further refine our segmentation technique using stereo pairs of imagery that will allow us to infer volume information and provide more physically based cloud metrics as well as perform ranging and determination of the cloud base. We also will use the detailed information on the structure shown in Figure 3 to test assumptions of scales of the instability and track the behavior and evolution of individual thermals.
Another source of speculation is the lack of available ancillary data. With the exception of detailed observations from the 30 meter tower at the top of Mt. Bigelow, there is little in the way of meteorological data. The operational RAOB at TIA provides a rough measure of the environmental conditions, but we would require sounding data from the proximity of the mountain and at higher temporal frequency than the twice daily operational soundings. These data would allow a more precise determination of the environmental conditions in which the convection is developing (e.g. shear and moisture)
as well as characterize the modification of the vertical profile by the shallow convection.
In this way, we hope to further refine the mechanisms for onset, and the controls of the transition from shallow to deep convection that are suggested in this study. 
